Purpose The aim of the study was to compare response evaluation criteria in solid tumours 1.1 (RECIST 1.1), positron emission tomography response criteria in solid tumours (PERCIST), European organisation for research and treatment of cancer (EORTC), and MD Anderson (MDA) criteria for response assessment by Gallium 68-prostate-specific membrane antigen positron emission tomography-computed tomography (Ga68-PSMA PET-CT) in metastatic adenocarcinoma prostate cancer (mPCa) patients with biochemical progression. Methods Eighty-eight mPCa patients with pre and post treatment Ga68-PSMA PET-CT were included. A ≥ 25% increase and ≥ 2 ng/ml above the nadir if prostate specific antigen (PSA) drop or ≥ 2 ng/ml above the baseline if PSA does not drop was considered as biochemical progression. RECIST 1.1 and MDA criteria for morphology and PERCIST and EORTC criteria for molecular response were investigated. Percentages of progressive disease (PD), partial response (PR), and stable disease (SD) were calculated. Chi-square test was used for statistical significance. Results Proportion of PD, SD, and PR by RECIST 1.1 and MDA criteria were 44 (50.57%), 39 (44.83%), 4 (4.6%), and 33 (39.76%), 48 (57.83%), 2 (2.41%) respectively. Proportion of PD, SD, and PR by PERCIST and EORTC criteria were 71 (80.68%), 11 (12.50%), 6 (6.82%), and 74 (84.09%), 8 (9.09%), 6 (6.82%) respectively. Chi-square test showed statistically significant (P < 0.05) higher proportion of progression detected by both molecular criteria as compare to both morphological criteria. Conclusion We concluded that for Ga68-PSMA PET-CT response evaluation, molecular criteria performed better than morphological criteria in mPCa patient with PSA progression.
Introduction
Assessment of response to treatment is critical in oncological practice. Many response evaluation criteria have been proposed in the literature and it is crucial to adopt one of these in the given setting based on a number of factors [1] . Response evaluation criteria in solid tumours 1.1 (RECIST 1.1) is well established and it performs well in assessment of tumour shrinkage as a criteria for response [2] . Other evaluation criteria assessing the activity of tumour have also been used [3] . Positron emission tomography response criteria in solid tumours (PERCIST) is one of the molecular criteria proposed by Wahl et al. for fluorodeoxyglucose positron emission tomography-computed tomography (FDG PET-CT) based response evaluation [4] . Gallium 68-prostate-specific membrane antigen (Ga68-PSMA) PET-CT is a new molecular imaging technique for assessment of prostate cancer (PCa) and it is being frequently used in staging and detecting recurrence with encouraging results [5] [6] [7] [8] . However, its role in assessment of treatment response has not been well investigated so far. In this article, we have tried to evaluate the ideal criterion among RECIST 1.1, PERCIST, European organisation for research and treatment of cancer (EORTC), and MD Anderson (MDA) for Ga68-PSMA PET-CT response assessment in metastatic PCa patients with biochemical progression.
Methods
We evaluated 190 patients retrospectively undergoing systemic treatment, who underwent Ga68-PSMA PET-CT during July 2014-Dec 2017 referred for evaluation of response. Patients' data were retrieved from computerised patient record system (CPRS) and picture archiving and communication system (PACS). In final analysis, 88 patients of metastatic adenocarcinoma prostate with biochemical progression, pre and post treatment Ga68-PSMA PET-CT were included. A ≥ 25% increase and ≥ 2 ng/ml above the nadir if prostate specific antigen (PSA) drop, or ≥ 2 ng/ml above the baseline if PSA does not drop, was considered as biochemical progressive disease (PD) [9] . For time interval between two Ga68-PSMA PET-CT scans, we decided arbitrary to include those with ≤ 12 months to avoid a long interval time between two studies. Patients with no change in treatment in-between two PET-CT studies were included in the analysis.
Imaging Protocol
Standard protocol for in-house synthesis of Ga68-PSMA and PET-CT acquisition was used [10, 11] . PSMA-11 was acquired from advanced biochemical compounds (ABx) and labelling was done in IQS-fluidic labelling module (iTG) using 1.11 GBq iTG self-shielded Ga68 generator. Two MBq/kg body weight of labelled PSMA-11 was injected intravenously and after 1 h of injection; a full body scan (vertex to mid-thigh) was acquired with a dedicated full ring hybrid PET-CT system (Biograph TruePoint40 with LSO crystal from Siemens Healthcare at Rajiv Gandhi Cancer Institute and Research Centre, Delhi, India) with 4 min per bed position in threedimensional mode. A non-contrast enhanced CT scan (100 mAs and 120 kVp) was used for attenuation correction and anatomical interpretation. Each scan was reconstructed using iterative reconstruction (two iterations and 12 subsets).
Image Interpretation
All Ga68-PSMA PET-CT studies were reinterpreted independently by two nuclear medicine physicians and one radiologist. Increased PSMA uptake in comparison to background, not in areas of normal bio-distribution, was taken as positive for disease. No size criterion was used for PET interpretation. Single voxel maximum standard uptake value normalised to body weight (SUVmax) was recorded. For CT, soft tissue lesion other than the lymph node, with more than 1 centimeter (cm) size in longest axis, was considered measurable while for lymph node, it was ≥ 1 cm in the shortest axis. Bony lesions per patient were categorised as per following criteria: number, type, and PSMA avidity. Number of bony lesions was divided in to three groups, namely, single site, 2-10 sites, and > 10 sites. Type of bone metastasis were classified as sclerotic, lytic, mixed, and marrow while PSMA avidity was grouped as all lesions, most lesions (≥ 10), and a few lesions (< 10).
Response Criteria RECIST 1.1 was used for morphological response evaluation [2] . Target lesion was defined as ≥ 1-cm well-defined lesion for soft tissue in longest axis and ≥ 1.5 cm in shortest axis for lymph node. The largest sum of diameter (SoD) of five target lesions with maximum two lesions per organ was evaluated. Sclerotic or lytic/sclerotic (mixed type) bone metastases were considered non-measurable (NM) lesions. Greater than or equal to thirty percent decrease in SoD was considered as partial response (PR) while ≥ 20% increase was considered as PD. Change in-between PR and PD (< − 30% and < + 20%) was considered as stable disease (SD). In case of bone only disease (NM disease), SD was considered for equivocal or no change. New bone lesion in view of PSA progression was considered as PD. PERCIST 1.0 was used with modification for PSMA PET response evaluation [4] . Highest SUVmax was recorded for both PET studies irrespective of number of lesions. It might be two different lesions in a comparison. A drop of ≥ 30% in highest SUVmax was considered as PR while a ≥ 30% increase was considered as PD. New PSMA avid lesion was also considered as PD. Change in-between PR and PD (< − 30% and < + 30%) was considered as SD.
EORTC criterion was also used for PET response evaluation [12] . Highest SUVmax was recorded for both PET studies irrespective of number of lesions. A drop of ≥ 25% in highest SUVmax was considered as PR while a ≥ 25% increase was considered as PD. New PSMA avid lesion was also considered as PD. Change in-between PR and PD (< − 25% and < + 25%) was considered as SD.
Bone is the most common site of distant metastases in PCa and almost all patients with PCa develop bone metastasis during the course of their disease [13, 14] . There is however no clear method of response assessment for bony disease in RECIST 1.1 except for a lytic lesion with soft tissue component. Therefore, to overcome this limitation, we decided to use a criterion for bone metastases developed by The University of Texas MD Anderson Cancer Center (MDA criterion) [15] . In this criterion, PR is defined as development of a sclerotic rim or partial sclerotic fill-in of lytic lesions. Greater than or equal to fifty percent decrease in measurable lesions or ≥ 50% subjective decrease in the size of ill-defined lesions on CT was also considered as PR. Greater than or equal to twenty-five percent increase in measurable lesions or ≥ 25% subjective increase in the size of ill-defined lesion or new bone lesion was considered as PD. A new bone lesion in view of PSA progression was also considered as PD. Change in-between PR and PD (< − 50% and < + 25%) or equivocal change was considered as SD.
Statistical Analysis
Mean ± standard deviation, median, range (minimum to maximum), and inter-quartile range (IQR) were presented for quantitative data and absolute frequencies with percentages for categorical data. Pre and post treatment changes in PSA, RECIST SoD, and SUVmax for individual patient was tabulated. Percentages of PD, PR, and SD based on the different criteria (RECIST, PERCIST, EORTC, and MDA) were calculated. Chi-square test was used for statistical significance between morphological and molecular criteria for proportion of PD. P value < 0.05 was considered statistically significant. SPSS version 21 (IBM New York) was used for the entire statistical analysis.
Results
Mean ± standard deviation, median, range (Min-Max), and IQR for age and Gleason score for 88 patients were 66.18 ± 8.17, 66.5, 51-89, 60-71.50 years and 8.12 ± 1.06, 8, 6-10, 7-9 respectively. Baseline characteristic of Ga68-PSMA PET-CT were presented in Table 1 . Bone metastasis was seen in 82/ 88 (93.18%) of our patients. Distant lymph node metastasis was seen in 5/88 patients. While, there was no lymph node metastasis in 36 (40.91%) patients in our study. Visceral metastasis was present in 15 patients in our study group. Other than the liver and lung, visceral metastases were also seen in pleura, muscle, omentum, and adrenal. For types of treatment categorisation, first-line hormone drugs were grouped together while for other lines of treatment, individual frequency was calculated. We also found that by RECIST 1.1 criterion, 35 patients had NM disease only and 4 patients had measurable disease but not enough to qualify as target lesion.
The results of baseline and post treatment Ga68-PSMA PET-CT studies, PSA values, and time interval are tabulated in supplementary 15 respectively. In RECIST 1.1 criterion-based PD, we noticed 6/44 patients were termed as PD due to appearance of new bony lesion in view of rising PSA while it was 10/33 in MDA criterion. Therefore, help of biochemical parameter was required to interpret our morphological criteria results. Contrary to this, it was not the case with molecular criteria, where we were able to interpret better, either by increase in SUVmax above to cut-off level or by new PSMA avid lesion. PERCIST and EORTC criteria helped us to interpret 35 patients as PD due to new PSMA avid lesion.
We also calculated the proportion of PD, SD, and PR by the different criteria as shown in Table 2 . We noticed that the proportion of PD was higher by both PERCIST and EORTC criteria as compared to RECIST 1.1 and MDA criteria when compared to PSA value. It was also s e e n t ha t b o t h R E C I S T 1 .1 an d MD A cr i t e r i a underestimated the disease status when compared to the PSA values. The statistical significance between these results was calculated by Chi-square test comparing the proportion of PD by various criteria (Table 3) . We found that there was statistically significant (P < 0.05) higher proportion of progression detected by both molecular criteria (PERCIST and EORTC) as compared to both morphological criteria (RECIST 1.1 and MDA). No statistically significant difference was seen in proportion of PD comparing RECIST 1.1 Vs MDA. In PERCIST Vs EORTC, higher percentage of PD reported by EORTC criteria which was due to lower cut-off for defining PD for EORTC (25% Vs 30%). However, this was not statistically significant. Two to seven percent of patients showed PR by all criteria in spite of PSA progression.
Discussion
PCa is the second most common cancer in men and third most frequent cause of cancer-related death worldwide [16] . Generally, patients with early stage has good prognosis while most late-stage patients develop resistance to standard treatments and progresses at various time interval [17] . Identifying these patients early is critical in providing optimum management. Serum PSA is a tumour marker for PCa and is frequently used for response assessment during treatment. Rising PSA is an indicator of disease progression with the cut-off value as described by prostate cancer working group 3 (PCWG-3) [8] . PSA however fails to show the distribution of disease and changes occurring at each site [18] . It is important to know the volume of disease and the sites of progression for deciding optimal management. Hence, in this situation, imaging-based response assessment is helpful. Commonly used evaluating criterion is based on morphological changes evaluated by RECIST 1.1 as per the guidelines [16] . There are many instances of discordant findings between RECIST 1.1 criterion and actual disease status (Fig. 1 ). This is due to the fact that molecular changes appear much earlier than morphological changes. PCa has a unique tropism for bone metastasis which contributes to major disease burden [17] . In most instances, bone metastases are sclerotic or mixed (sclerotic/lytic) in nature, while pure lytic lesions are rare [18] . Most end-stage patients are expected to have multiple bone metastases. In our group, 82/88 patients had bone metastasis, while 67/82 patients had multiple (> 10) bone lesions. In RECIST criterion, no clear method for response assessment is given for sclerotic or mixed lesions except for lytic lesion with measurable soft tissue component. It is indeed important as sclerotic and mixed lesions patients are a majority and constitute 96.34% (79/82) in our group. Lytic lesion without soft tissue component was seen in 1/82 patient. Rest two patients had PSMA avid marrow lesions where morphological criteria underestimate the disease burden. At the same time, it is difficult to analyse the presence of active disease by changes in morphology (Fig. 2) . In our patients group, 47/82 patients had all PSMA avid bone lesions and two patients had PSMA non-avid bone lesions as well. In remaining 33/82 patients, not all bone lesions were PSMA avid.
Another challenge for assessment by morphological-based criteria was a new sclerotic bone lesion. Such lesion might be due to healing process or disease progression. Hence, for both RECIST 1.1 and MDA criteria, it is important to know the clinical and biochemical status and the status of other disease sites to characterise a new bone lesion. As already mentioned before, 6/44 and 10/33 PD patients by RECIST and MDA criteria respectively had new sclerotic bone lesions and in view of rising PSA, these were considered as progressive lesions. On the contrary, by molecular criteria, it was easier to interpret these new lesions. PSMA avid new bone lesion was considered as PD while non-avid new lesion was considered as healing response. A possibility of tumour cells actually getting de-differentiated and losing PSMA expression is also a remote possibility [19] .
In our study, we have arbitrarily included those patients with ≤ 12-month time interval between two Ga68-PSMA PET-CT scans. This was mainly to avoid long interval time and change in treatment in between, which might lead to false interpretation. This false interpretation would be more common with long interval time between two scans (Fig. 3) . Hence, either an interim scan or short duration between two scans and more important no change in treatment becomes important to avoid misinterpretation.
In our study, we have seen a few partial responses by all criteria despite taking PSA PD patients only. By RECIST 1.1 criteria, 4/88 patients were reported as PR with interval time between scans being 2, 7, 11, and 12 months (Supplementary  table) . Two of these patients with interval time of 11 and 12 months actually showed PD by both molecular criteria, hence these were misinterpreted by RECIST 1.1 due to long interval time. We have also reported 6/88 patients as PR by both molecular criteria. Interval time between two scans of these 6 patients was 2, 2, 3, 7, 7, and 12 months. Similar to morphological criteria, it was expected as misinterpretation for 12-month interval time scans. However, for 2-to 3-month interval time scans, it was difficult to explain as misinterpretation. Rather, it might be due to de-differentiation and loss of PSMA expression on tumour cell but with maintained PSA expression. Further research in indicated to find out the right interval time to minimise these misinterpretation. We propose that there should be less than 6-month interval time between two scans for response assessment.
There is not much literature available on response assessment by Ga68-PSMA PET-CT in metastatic PCa. Seitz et al. described preliminary results on response assessment using Ga68-HBED-CC-PSMA PET/CT in patients with metastatic prostate cancer undergoing docetaxel chemotherapy [20] . They reported a better concordance between biochemical response (BR) and radiological response (RR) by PET than by CT alone. However, the difference in the results between PET and CT was not statistically significant (P = 0.7). This was attributed to the small sample size. Two other small studies have described the role of serial Ga68-PSMA PET-CT in response assessment to radiotherapy in recurrent nodal disease [21, 22] . These studies show reductions in SUV in most treated lesions as indicative of response. A few studies have also reported role of F18-Choline PET-CT in PCa response assessment to abiraterone [23] , enzalutamide [24] , and docetaxel [25] . They have also reported better concordance between BR and PET responses than BR and CT responses.
There were a few limitations in our study. Firstly, there were different treatment regimes given to the patients in our Fig. 1 Ga68-PSMA PET-CT maximum intensity projection (a, b) and axial images (c-f). Fiftyseven-year-old prostate cancer patient on Firmagon from last 4 months showed PSA increase from baseline 5.4 to 18.5 ng/ml. Baseline images (a, c, e) showed a few mildly PSMA avid subcentimetre right pelvic and aortocaval lymph nodes. Post treatment images (b, d, f) showed increase PSMA avidity in up to centimetre-sized lymph nodes and a new PSMA avid subcentimetre para-esophageal lymph node. Findings suggested stable disease by RECIST 1.1 while progressive disease by PERCIST and EORTC criteria group which may cause difference in the pattern of response. In PCa, bone is the predominant site of metastasis and hence morphological criteria tend to underestimate changes in the bone lesions due to known limitations which were also seen in our groups. In molecular response criteria, we have considered only one highest SUVmax per study for statistical analysis. There were instances that many lesions have shown decrease in SUVmax while one lesion showed increase in SUVmax and become more than the first study highest value. Hence, it was qualified as PD for response analysis. In other scenario, many lesions showed decrease in SUVmax while some or one lesion showed increase in SUVmax but still remain less than the first study highest value. Hence, it was qualified as PR or SD in response analysis. Therefore, we realised that evaluating one highest value might not represent the real picture of molecular response in all sites. Thus, in future, we will have to take multiple lesions into analysis; however, we need to find out how many lesions and whether Fig. 3 Ga68-PSMA PET-CT maximum intensity projection (a, b) and axial images (c-f). Eightyone-year-old prostate cancer patient on Firmagon from last 11 months showed PSA increase from nadir 0.8 to 3.4 ng/ml. Baseline images (a, c, e) showed PSMA avid prostate lesion, pelvic lymph nodes, and a few sclerotic bone lesions. Post treatment images (b, d, f) showed response in prostate, lymph nodes, and earlier seen bone lesions; however, a new PSMA avid lesion is seen in left acetabulum. Findings suggested pseudo-response by RECIST 1.1 due to long interval time (11 months) while progressive disease by PERCIST and EORTC (due to new bone lesion) criteria these target lesions will be based on first PET study to see decrease in SUVmax or will be based on second PET study to considered smallest increase in SUVmax.
Conclusion
Our results have shown that for using Ga68-PSMA PET-CT for response evaluation, molecular criteria are better than morphological criteria in metastatic PCa patient in the PSA progression subgroup. However, further clarifications will be required on number of lesions for molecular criteria and the best interval time between two scans to avoid false interpretations. Therefore, prospective studies are warranted to recommend molecular criteria for Ga68-PSMA PET-CT-based response evaluation for metastatic PCa patients in clinical practice.
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